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Abstract
We include the lowest-lying octet- and decuplet-baryons into partially
quenched chiral perturbation theory. Perturbing about the chiral limit of
the graded SU(6|3)L⊗SU(6|3)R flavor group of partially quenched QCD, we
compute the leading one-loop contributions to the octet-baryon masses, mag-
netic moments and matrix elements of isovector twist-2 operators. We work
in the isospin limit and keep two of the three sea quarks degenerate. The
usefulness of the non-unique extension of the electric charge matrix and the
isovector twist-2 operators from QCD to partially quenched QCD is discussed.
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I. INTRODUCTION
Understanding and computing the properties and decays of hadrons remains the most
significant challenge presented by quantum chromodynamics (QCD), the theory of strong
interactions. While hadronic models of varying quality can describe a number of these
observables at some level of accuracy, a calculation of any observable (that is not a conserved
charge) directly from QCD is yet to be performed. At some point in the future it will be
possible to numerically evaluate these observables with lattice QCD. While progress toward
this ultimate goal is impressive, one is presently restricted to lattice light quark masses, mlattq
that are significantly larger than those of nature, mq, with typical pion masses being of order
mlattpi ∼ 500 MeV. Therefore, at present and in the foreseeable future, the mq-dependence
of observables of interest need to be known in order to make a comparison between lattice
QCD results and experiment.
Chiral perturbation theory (χPT) can be used to extrapolate unquenched calculations
from mlattq to mq for small quark masses. Further, if the masses are sufficiently small, the
chiral expansion will converge at low orders, making analytic calculation relatively straight-
forward. However, for the mlattpi ’s that are currently being simulated, the convergence of
the chiral expansion is somewhat uncertain, to say the least, and high-order calculations
(beyond those that currently exist) are highly desirable. Calculations of several of the ob-
servables have been performed in quenched QCD (QQCD) [1–3], in which the contribution
of the quark determinant to observables is not evaluated, reducing the time necessary for
computation. Unfortunately, such calculations cannot be connected to observables in QCD,
and in many cases are found to be more divergent in the chiral limit than those in QCD.
Recently, partially quenched QCD (PQQCD) [4–9] has been formulated where the quarks
that couple to external sources for the asymptotic hadron states, the valence-quarks, are
distinguished from those that contribute to the quark determinant, the sea-quarks. The
main advantage that PQQCD enjoys is that the masses of the valence quarks can be signif-
icantly smaller than those of the sea-quarks. In order to perform the extrapolation in the
valence and sea quark masses, one employs partially quenched chiral perturbation theory
(PQχPT) [4–9] to systematically expand about the chiral limit, assuming that the quark
masses, mQ
1, are small enough for such an expansion to converge at relatively low-orders.
It is easy to convince oneself that the counterterms in the PQχPT Lagrangian with three
sea-quarks are related to those in the χPT Lagrangian describing QCD. Thus, fitting the
counterterms in PQχPT allows one to make QCD predictions at the physical values of the
quark masses.
Naively, it would appear that computing observables in the low-energy effective field
theories (EFT) would not be of much use, after all, there are counterterms that must be
determined. If numerical simulations will fix the counterterms then why not compute the
complete amplitude? For the present values of mlattq , numerically separating the terms that
are non-analytic in mq from those that are analytic in mQ is difficult. However, for the
smaller values of mQ encountered in the extrapolation, it is the non-analytic terms that for-
1 In this context, mQ is used to denote the mass of one of the valence- or sea-quarks, while mq is
reserved for the physical masses of the three light valence-quarks u, d and s.
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mally dominate the mQ-dependence. EFT allows one to compute these non-analytic terms,
thereby removing this ambiguity, and allowing for a significantly more reliable extrapolation
to small mQ’s.
In this work we incorporate the lowest-lying octet and decuplet of baryons into PQχPT 2.
We then compute the O
(
m
3/2
Q
)
contributions to the octet-baryon masses, the O
(
m
1/2
Q
)
contributions to the magnetic moments of the octet-baryons and compute the O (mQ logmQ)
contributions to the matrix elements of the isovector twist-2 operators that give the moments
of the isovector parton distributions. The computations are performed with three valence-
quarks, three ghost-quarks and three sea-quarks in the isospin limit. That is to say that two
valence-quarks are degenerate with each other and with two ghost-quarks. In addition two
sea-quarks are degenerate with each other, but have masses different from the ghost- and
valence-quarks.
II. PQχPT
The lagrange density of PQQCD is
L = ∑
a,b=u,d,s
qaV [ iD/−mq ]ba qV,b +
∑
a˜,b˜=u˜,d˜,s˜
q˜
a˜
[ iD/ −mq˜ ]b˜a˜ q˜b˜ +
∑
a,b=j,l,r
qasea [ iD/ −msea ]ba qsea,b
=
∑
k,n=u,d,s,u˜,d˜,s˜,j,l,r
Q
k
[ iD/−mQ ]nk Qn , (1)
where the qV are the three light valence-quarks, u, d, and s, the q˜ are three light bosonic
(ghost) quarks u˜, d˜, and s˜, and the qsea are the three sea-quarks j, l and r. The left- and
right-handed valence-, sea-, and ghost-quarks are combined into column vectors
QL =
(
u, d, s, j, l, r, u˜, d˜, s˜
)T
L
, QR =
(
u, d, s, j, l, r, u˜, d˜, s˜
)T
R
, (2)
where the graded equal-time commutation relation for two fields is
Qαi (x)Q
β†
k (y)− (−)ηiηkQβ†k (y)Qαi (x) = δαβδikδ3(x− y) , (3)
where α, β are spin-indices and i, k are flavor indices. The objects ηk correspond to the
parity of the component of Qk, with ηk = +1 for k = 1, 2, 3, 4, 5, 6 and ηk = 0 for k = 7, 8, 9,
and the graded equal-time commutation relations for two Q’s or two Q†’s are analogous. The
QL,R in eq. (2) transform in the fundamental representation of SU(6|3)L,R respectively. The
fermionic components of the left-handed field QL transform as a (6, 1) of SU(6)qL⊗SU(3)q˜L
while the bosonic components transform as (1, 3), and the right-handed field QR transforms
analogously.
In the absence of quark masses, mQ = 0, the lagrange density in eq. (1) has a graded
symmetry U(6|3)L ⊗ U(6|3)R, where the left- and right-handed quark fields transform as
2 Ref [10] has included baryons in PQQCD in the large-Nc limit in an effort to continuously move
from QQCD to QCD. Our work has little overlap with Ref [10].
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QL → ULQL and QR → URQR respectively. The strong anomaly reduces the symmetry of
the theory to SU(6|3)L ⊗ SU(6|3)R ⊗ U(1)V [9] 3, and it is assumed that this symmetry
is spontaneously broken SU(6|3)L ⊗ SU(6|3)R ⊗ U(1)V → SU(6|3)V ⊗ U(1)V so that an
identification with QCD can be made.
The mass-matrix, mQ, has entries mQ = diag(mu, md, ms, mj, ml, mr, mu, md, ms), i.e.
mu˜ = mu, md˜ = md and ms˜ = ms, so that the contribution to the determinant in the path
integral from integrating over the q’s and the q˜’s exactly cancel, leaving the contribution
from the qsea’s alone. In the isospin limit,
mQ = diag( m,m,ms, mj , mj , mr, m,m,ms ) . (4)
A. The Pseudo-Goldstone Bosons
The strong interaction dynamics of the pseudo-Goldstone bosons are described at leading
order in PQχPT by a Lagrange density of the form [4–8],
L = f
2
8
str
[
∂µΣ†∂µΣ
]
+ λ str
[
mQΣ
† +mQΣ
]
+ αΦ∂
µΦ0∂µΦ0 − m20Φ20 , (5)
where αΦ and m0 are quantities that do not vanish in the chiral limit. The operation “str”
in eq. (5) is defined to be the supertrace. The meson field is incorporated in Σ via
Σ = exp
(
2 i Φ
f
)
= ξ2 , Φ =
(
M χ†
χ M˜
)
, (6)
where M and M˜ are matrices containing bosonic mesons while χ and χ† are matrices con-
taining fermionic mesons, with
M =


ηu π
+ K+ J0 L+ R+
π− ηd K0 J− L0 R0
K− K
0
ηs J
−
s L
0
s R
0
s
J
0
J+ J+s ηj Y
+
jl Y
+
jr
L− L
0
Ls
0
Y −jl ηl Y
0
lr
R− R
0
Rs
0
Y −jr Y
0
lr ηr


, M˜ =


η˜u π˜
+ K˜+
π˜− η˜d K˜0
K˜−
˜
K
0
η˜s


χ =

 χηu χpi
+ χK+ χJ0 χL+ χR+
χpi− χηd χK0 χJ− χL0 χR0
χK− χK0 χηs χJ−s χL0s χR0s

 . (7)
where the upper 3 × 3 block of M is the usual octet of pseudo-scalar mesons while the
remaining entries correspond to mesons formed with the sea-quarks. The convention we use
corresponds to f ∼ 132 MeV.
3 This differs from the group structure of QQCD [9].
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The singlet field is defined to be Φ0 = str ( Φ ) /
√
2, and its mass m0 can be taken to
be of order the scale of chiral symmetry breaking, m0 → Λχ [9]. In taking this limit, one
finds that the η two-point functions deviate from the simple, single pole form. The ηaηb
propagator for 2 + 1 sea-quarks and a, b = u, d, s at leading order, is found to be
Gηaηb =
iδab
q2 −m2ηa + iǫ
− i
3
(q2 −m2jj)(q2 −m2rr)
(q2 −m2ηa + iǫ)(q2 −m2ηb + iǫ)(q2 − 13(m2jj + 2m2rr) + iǫ)
, (8)
where mxy is the mass of the meson composed of (anti)-quarks of flavor x and y. This can
be compactly written as
Gηaηb = δabPa + Hab(Pa, Pb, PX) , (9)
where
Pa =
i
q2 −m2ηa + iǫ
, Pb =
i
q2 −m2ηb + iǫ
, PX =
i
q2 −m2X + iǫ
Hab(A,B,C) = −1
3
[
(m2jj −m2ηa)(m2rr −m2ηa)
(m2ηa −m2ηb)(m2ηa −m2X)
A− (m
2
jj −m2ηb)(m2rr −m2ηb)
(m2ηa −m2ηb)(m2ηb −m2X)
B
+
(m2X −m2jj)(m2X −m2rr)
(m2X −m2ηa)(m2X −m2ηb)
C
]
, (10)
where the mass, mX , is given by m
2
X =
1
3
(
m2jj + 2m
2
rr
)
.
B. The Baryons
The method for including the lowest-lying baryons, the octet of spin-1
2
baryons and the
decuplet of spin-3
2
baryon resonances, into PQχPT is similar to the method used to include
them into QQCD, as detailed in Ref. [3]. An interpolating field that has non-zero overlap
with the baryon octet (when the ijk indices are restricted to 1, 2, 3) is [3]
Bγijk ∼
[
Qα,ai Q
β,b
j Q
γ,c
k − Qα,ai Qγ,cj Qβ,bk
]
ǫabc (Cγ5)αβ , (11)
where C is the charge conjugation operator, a, b, c are color indices and α, β, γ are Dirac
indices. Dropping the Dirac index, one finds that under the interchange of flavor indices [3],
Bijk = (−)1+ηjηk Bikj , Bijk + (−)1+ηiηj Bjik + (−)1+ηiηj+ηjηk+ηkηi Bkji = 0 . (12)
In analogy with QCD, we consider the transformation of Bijk under SU(6|3)V transforma-
tions, and using the graded relation
Qi U
j
k = (−)ηi(ηj+ηk) U jk Qi , (13)
in eq. (11), it is straightforward to show that [3]
Bijk → (−)ηl(ηj+ηm)+(ηl+ηm)(ηk+ηn) U li U mj U nk Blmn . (14)
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Bijk describes a 240 dimensional representation of SU(6|3)V . It is convenient to decom-
pose the irreducible representations of SU(6|3)V into irreducible representations SU(3)val⊗
SU(3)sea ⊗ SU(3)q˜ ⊗ U(1) [11–13], and we will forget about the U(1)’s from now on. The
subscript denotes where the SU(3) acts, either on the valence q’s, on the sea q’s, or on
the q˜’s. In order to locate a particular baryon in the irreducible representation we em-
ploy the terminology, ground floor, first floor, second floor and so on, as it is common in
the description of super-algebra multiplets. The ground floor contains all the baryons that
do not contain a bosonic quark, the first floor contains all baryons that contain only one
bosonic quarks, the second floor contains all baryons that contain two bosonic quarks, and
the third floor contain the baryons that are comprised entirely of bosonic quarks. As a way
of distinguishing between baryons containing some number of valence and sea quarks, we
introduce “levels”. Level A is comprised of baryons that do not contain sea quarks, level B is
comprised of baryons containing one sea quarks, level C is comprised of baryons containing
two sea quarks, and level D is comprised of baryons composed only of sea quarks.
The ground floor of level A of the 240-dimensional representation contains baryons that
are comprised of three valence quarks, qV qV qV , and is therefore an (8, 1, 1) of SU(3)val ⊗
SU(3)sea ⊗ SU(3)q˜. The octet-baryons are embedded as [3]
Babc = 1√
6
(
ǫabd B
d
c + ǫacdB
d
b
)
, (15)
where the indices are restricted to take the values a, b, c = 1, 2, 3 only. The octet-baryon
matrix is
B =


1√
6
Λ + 1√
2
Σ0 Σ+ p
Σ− 1√
6
Λ− 1√
2
Σ0 n
Ξ− Ξ0 − 2√
6
Λ

 . (16)
The first floor of level A of the 240-dimensional representation contains baryons that are
composed of two valence quarks and one ghost-quark, q˜qV qV , and therefore transforms as
(6, 1, 3)⊕ (3, 1, 3) of SU(3)val ⊗ SU(3)sea ⊗ SU(3)q˜ . The tensor representation a˜s˜ab of the
(6, 1, 3) multiplet, where a˜ = 1, 2, 3 runs over the q˜ indices and a, b = 1, 2, 3 run over the qV
indices, has baryon assignment
a˜s˜11 = Σ˜
+1
a˜ , a˜s˜12 = a˜s˜21 =
1√
2
Σ˜0a˜ , a˜s˜22 = Σ˜
−1
a˜
a˜s˜13 = a˜s˜31 =
1√
2
(6)Ξ˜
+ 1
2
a˜ , a˜s˜23 = a˜s˜32 =
1√
2
(6)Ξ˜
− 1
2
a˜ , a˜s˜33 = Ω˜
0
a˜ , (17)
The right superscript denotes the third component of qV -isospin, while the left subscript
denotes the q˜ flavor. The tensor representation a˜t˜
a of the (3, 1, 3) multiplet, where a˜ = 1, 2, 3
runs over the q˜ indices and a = 1, 2, 3 run over the qV indices, has baryon assignment
a˜t˜
1 = (3)Ξ˜
− 1
2
a˜ , a˜t˜
2 = (3)Ξ˜
+ 1
2
a˜ , a˜t˜
3 = Λ˜0a˜ . (18)
The ground floor of level B of the 240-dimensional representation contains baryons that are
composed of two valence quarks and one sea quark, qV qV qsea, and therefore transforms as
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(6, 3, 1)⊕ (3, 3, 1) of SU(3)val ⊗ SU(3)sea ⊗ SU(3)q˜ . The tensor representation asbc of the
(6, 3, 1) multiplet, where a = 1, 2, 3 runs over the qsea indices and b, c = 1, 2, 3 run over the
qV indices, has baryon assignment
as11 = Σ
+1
a , as12 = as21 =
1√
2
Σ0a , as22 = Σ
−1
a
as13 = as31 =
1√
2
(6)Ξ
+ 1
2
a , as23 = as32 =
1√
2
(6)Ξ
− 1
2
a , as33 = Ω
0
a . (19)
The tensor representation at
b of the (3, 3, 1) multiplet, where a = 1, 2, 3 runs over the qsea
indices and b = 1, 2, 3 run over the q indices, has baryon assignment
at
1 = (3)Ξ
− 1
2
a , at
2 = (3)Ξ
+ 1
2
a , at
3 = Λ0a . (20)
The a˜s˜ab, a˜t˜
a
asab, and at
a are uniquely embedded into Bijk (up to field redefinition’s),
constrained by the relations in eq. (12):
Bijk = −
√
2
3
i−3sjk for i = 4, 5, 6 and j, k = 1, 2, 3
Bijk = 1
2
j−3tσεσik +
1√
6
j−3sik for j = 4, 5, 6 and i, k, σ = 1, 2, 3
Bijk = 1
2
k−3tσεσij +
1√
6
k−3sij for k = 4, 5, 6 and i, j, σ = 1, 2, 3
Bijk =
√
2
3
i−6s˜jk for i = 7, 8, 9 and j, k = 1, 2, 3
Bijk = 1
2
j−6t˜σεσik +
1√
6
j−6s˜ik for j = 7, 8, 9 and i, k, σ = 1, 2, 3
Bijk = −1
2
k−6t˜σεσij − 1√
6
k−6s˜ij for k = 7, 8, 9 and i, j, σ = 1, 2, 3 . (21)
As we are only interested in one-loop contributions to observables with qV qV qV -baryons in
the asymptotic states, we do not explicitly construct the remaining floors and levels of the
240.
As the mass splitting between the decuplet- and octet-baryons (in QCD) is much less
than the scale of chiral symmetry breaking (Λχ ∼ 1 GeV) the decuplet must be included as a
dynamical field in order to have a theory where the natural scale of higher order interactions
is set by Λχ. We assume that the decuplet-octet mass splitting, ∆, remains small compared
to the scale of chiral symmetry breaking in PQQCD. An interpolating field that contains
the spin-3
2
decuplet as the ground floor of level A is [3]
T α,µijk ∼
[
Qα,ai Q
β,b
j Q
γ,c
k +Q
β,b
i Q
γ,c
j Q
α,a
k +Q
γ,c
i Q
α,a
j Q
β,b
k
]
εabc(Cγ
µ)βγ , (22)
where the indices i, j, k run from 1 to 9. Neglecting Dirac indices, one finds that under the
interchange of flavor indices [3]
Tijk = (−)1+ηiηjTjik = (−)1+ηjηkTikj . (23)
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Tijk describes a 138 dimensional representation of SU(6|3)V , which has the ground floor of
level A transforming as (10, 1, 1) under SU(3)val ⊗ SU(3)sea ⊗ SU(3)q˜ with
Tabc = Tabc , (24)
where the indices are restricted to take the values a, b, c = 1, 2, 3, and where Tabc is the
totally symmetric tensor containing the decuplet of baryon resonances,
T111 = ∆
++ , T112 =
1√
3
∆+ , T122 =
1√
3
∆0 , T222 = ∆
−
T113 =
1√
3
Σ∗,+ , T123 =
1√
6
Σ∗,0 , T223 =
1√
3
Σ∗,−
T133 =
1√
3
Ξ∗,0 , T233 =
1√
3
Ξ∗,− , T333 = Ω− . (25)
The first floor of level A of the 138 transforms as a (6, 1, 3) under SU(3)val⊗SU(3)sea⊗
SU(3)q˜ which has a tensor representation, a˜x˜ij , with baryon assignment
a˜x˜11 = Σ˜
∗,+1
a˜ , a˜x˜12 = a˜x˜21 =
1√
2
Σ˜∗,0a˜ , a˜x˜22 = Σ˜
∗,−1
a˜
a˜x˜13 = a˜x˜31 =
1√
2
Ξ˜
∗,+ 1
2
a˜ , a˜x˜23 = a˜x˜32 =
1√
2
Ξ˜
∗,− 1
2
a˜ , a˜x˜33 = Ω˜
∗,0
a˜ . (26)
Similarly, the ground floor of level B of the 138 transforms as a (6, 3, 1) under SU(3)val ⊗
SU(3)sea ⊗ SU(3)q˜ which has a tensor representation, axij , with baryon assignment
ax11 = Σ
∗,+1
a , ax12 = ax21 =
1√
2
Σ∗,0a , ax22 = Σ
∗,−1
a
ax13 = ax31 =
1√
2
Ξ
∗,+ 1
2
a , ax23 = ax32 =
1√
2
Ξ
∗,− 1
2
a , ax33 = Ω
∗,0
a . (27)
The embedding of a˜x˜ij and axij into Tijk is unique (up to field redefinition’s), constrained
by the symmetry properties in eq. (23):
Tijk = + 1√
3
i−3xjk for i = 4, 5, 6 and j, k = 1, 2, 3
Tijk = 1√
3
j−3xik for j = 4, 5, 6 and i, k = 1, 2, 3
Tijk = + 1√
3
k−3xij for k = 4, 5, 6 and i, j = 1, 2, 3
Tijk = + 1√
3
i−6x˜jk for i = 7, 8, 9 and j, k = 1, 2, 3
Tijk = − 1√
3
j−6x˜ik for j = 7, 8, 9 and i, k = 1, 2, 3
Tijk = + 1√
3
k−6x˜ij for k = 7, 8, 9 and i, j = 1, 2, 3 . (28)
We do not explicitly construct the second and third floor baryons of the 138 as we will only
compute one-loop diagrams with octet-baryons in the asymptotic states.
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C. Lagrange Density for the Baryons
The free Lagrange density for the Bijk and Tijk fields is [3], at leading order in the heavy
baryon expansion [14–18],
L = i
(
Bv · DB
)
+ 2αM
(
BBM+
)
+ 2βM
(
BM+B
)
+ 2σM
(
BB
)
str (M+)
− i
(
T µv · DTµ
)
+ ∆
(
T µTµ
)
+ 2γM
(
T µM+Tµ
)
− 2σM
(
T µTµ
)
str (M+) , (29)
where M+ = 12
(
ξ†mQξ† + ξmQξ
)
, and ξ =
√
Σ. The brackets, ( ) denote contraction of
lorentz and flavor indices as defined in Ref. [3]. For a matrix Γαβ acting in spin-space, and
a matrix Yij that acts in flavor-space, the required contractions are [3](
B Γ B
)
= Bα,kji Γβα Bijk,β ,
(
T µ Γ Tµ
)
= T µα,kji Γβα Tijk,βµ(
B Γ Y B
)
= Bα,kji Γβα Y li Bljk,β ,
(
T µ Γ Y Tµ
)
= T µα,kji Γβα Y li Tljk,βµ(
B Γ B Y
)
= (−)(ηi+ηj)(ηk+ηn)Bα,kji Γβα Y nk Bijn,β(
B Γ Y µTµ
)
= Bα,kji Γβα (Y µ)li Tljk,βµ , (30)
where B and T transform in the same way,
B
kji → (−)ηl(ηj+ηm)+(ηl+ηm)(ηk+ηn)BnmlU k†n U j†m U i†l . (31)
The Lagrange density describing the interactions of the baryons with the pseudo-
Goldstone bosons is [3]
L = 2α
(
BSµBAµ
)
+ 2β
(
BSµAµB
)
+ 2H
(
T νSµAµTν
)
+
√
3
2
C
[ (
T νAνB
)
+ (BAνT ν)
]
, (32)
where Sµ is the covariant spin-vector [14–16]. Restricting oneself to the qV qV qV sector, it is
straightforward to show that
α =
2
3
D + 2F , β = −5
3
D + F , (33)
where D and F are constants that multiply the SU(3)val invariants that are commonly used
in QCD. It should be stressed that the F and D discussed here in PQQCD are the same
as those of QCD, and consequently in our calculations we will replace α and β with F and
D. In the above discussion, vector and axial-vector meson fields have been introduced in
analogy with QCD. The covariant derivative acting on either the B or T fields has the form
(DµB)ijk = ∂µBijk + (V µ)li Bljk + (−)ηi(ηj+ηm) (V µ)mj Bimk + (−)(ηi+ηj)(ηk+ηn) (V µ)nk Bijn (34)
where the vector and axial-vector meson fields are
V µ =
1
2
(
ξ∂µξ† + ξ†∂µξ
)
, Aµ =
i
2
(
ξ∂µξ† − ξ†∂µξ
)
. (35)
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III. BARYON MASSES
The masses of the octet-baryons provide nice example of how PQχPT can be imple-
mented to determine coefficients in the QCD chiral lagrangian. The mass of the i-th baryon
has a chiral expansion
Mi =M0(µ) − M (1)i (µ) − M (3/2)i (µ) + ... , (36)
where a term M
(n)
i denotes a contribution of order m
n
Q. The baryon mass is dominated
by a term in the PQχPT Lagrange density, M0, that is independent of mQ. Each of the
contributions depend upon the scale chosen to renormalize the theory. While at leading
order (LO) and next-to-leading order (NLO) in the chiral expansion, the objects M0 and
M
(1)
i are scale independent, at one-loop level they are required to be scale dependent. The
leading dependence upon mQ, occurring at order O (mQ), is due to the terms in eq. (29) with
coefficients αM , βM and σM , each of which need to be determined from lattice simulations.
The leading non-analytic dependence upon mQ arises from the one-loop diagrams shown in
Fig. 1. We find the contributions to the nucleon mass are
B
Μ χ,
B B B
Μ χ,
FIG. 1. One-loop graphs that give contributions of the form ∼ m3/2Q to the masses of the
octet-baryons. A solid, thick-solid and dashed line denote an 240-baryon, 138-baryon, and a
meson, respectively. The solid-squares denote an axial coupling given in eq.(32).
M
(1)
N = 2 m (αM + βM) + 2 σM (2mj +mr)
M
(3/2)
N =
1
8πf 2
[
4D(F − 1
3
D) m3pi +
1
3
(5D2 − 6DF + 9F 2) (2m3ju +m3ru)
+ (D − 3F )2 Gpi,pi + 2C
2
3π
(
Fju + Fpi +
1
2
Fru
) ]
, (37)
where the function Gpi,pi = Hpipi(m3pi, m3pi, m3X) is defined in eq. (10). The function Fc =
F (mc,∆, µ) is
F (m,∆, µ) =
(
m2 −∆2
)(√
∆2 −m2 log
(
∆−√∆2 −m2 + iǫ
∆+
√
∆2 −m2 + iǫ
)
−∆ log
(
m2
µ2
) )
−1
2
∆m2 log
(
m2
µ2
)
. (38)
For the Σ’s we find
10
M
(1)
Σ =
1
3
m (5αM + 2βM) +
1
3
ms (αM + 4βM) + 2σM (2mj +mr)
M
(3/2)
Σ =
1
8πf 2
[
−2
3
(D2 − 3F 2) m3pi −
2
3
(D2 − 6DF + 3F 2) m3K
+ (D − F )2 (2m3js +m3rs) +
2
3
(D2 + 3F 2) (2m3ju +m
3
ru)
+ 4F 2 Gpi,pi + (D − F )2 Gηs,ηs + 4F (F −D) Gpi,ηs
+
2C2
3π
(
5
6
FK +
1
6
Fpi +
1
3
(2Fjs + Frs) +
1
6
(2Fju + Fru)
+
1
3
( Epi,pi + Eηs,ηs − 2Epi,ηs )
) ]
, (39)
where Gηs,ηs = Hηsηs(m3ηs , m3ηs , m3X) and Gpi,ηs = Hpiηs(m3pi, m3ηs , m3X). The functions arising
from loops involving decuplet intermediate states are Epi,pi = Hpi,pi(Fpi, Fpi, FX), Eηs,ηs =
Hηs,ηs(Fηs , Fηs , FX), and Epi,ηs = Hpi,ηs(Fpi, Fηs, FX). Contributions to the mass of the Λ are
found to be
M
(1)
Λ = m (αM + 2βM) + ms αM + 2σM (2mj +mr)
M
(3/2)
Λ =
1
8πf 2
[
2
9
(9F 2 + 6DF − 5D2) m3K −
2
9
(D2 − 12DF + 9F 2) m3pi
+
1
9
(D + 3F )2 (2m3js +m
3
rs) +
2
9
(7D2 − 12DF + 9F 2)(2m3ju +m3ru)
+
4
9
(2D − 3F )2 Gpi,pi + 1
9
(D + 3F )2 Gηs,ηs −
4
9
(2D2 + 3DF − 9F 2) Gpi,ηs
+
C2
3π
(FK + Fpi + Fru + 2Fju)
]
. (40)
Finally, the contributions to the mass of the Ξ’s are found to be
M
(1)
Ξ =
1
3
m (αM + 4βM) +
1
3
ms (5αM + 2βM) + 2σM (2mj +mr)
M
(3/2)
Ξ =
1
8πf 2
[
−2
3
(D2 − 6DF + 3F 2) m3K −
2
3
(D2 − 3F 2) m3ηs
+ (D − F )2 (2m3ju +m3ru) +
2
3
(D2 + 3F 2) (2m3js +m
3
rs)
+ (D − F )2 Gpi,pi + 4F (F −D) Gpi,ηs + 4F 2 Gηs,ηs
+
2C2
9π
(
5
2
FK +
1
2
Fηs + Fjs + 2Fju +
1
2
Frs + Fru + Epi,pi + Eηs,ηs − 2Epi,ηs
)]
(41)
In the limit that mj → m and mr → ms, these expressions reduce down to those of
QCD [19] with dynamical π’s, K’s and η, but with the η′ integrated out of the theory. In
making this comparison, the leading order expressions for the meson masses, m2pi = 2λm,
m2K = λ(m+ms), and m
2
η = λ
2
3
(m+ 2ms), have been used. The contributions from graphs
with intermediate states from the 138 dimensional representation (including the decuplet)
possess divergences proportional to ∆mq and ∆
3. These divergences, and the associated
renormalization scale dependence, are absorbed by the counterterms M0 and αM , βM and
σM . The required scale dependences of the renormalized constants are
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M0(µ) =M0 − 5
λ
∆2Γ , αM(µ) = αM − 3
2
Γ ,
βM(µ) = βM − 15
4
Γ , σM (µ) = σM − 3
4
Γ , Γ =
C2∆λ
12π2f 2
log(µ) , (42)
where we have used the leading order expressions for the meson masses.
IV. MAGNETIC MOMENTS OF THE OCTET-BARYONS
The magnetic moments of the octet-baryons have played a key role in the development of
hadronic physics, and they have been studied with great success in QCD using χPT [21–25].
The expansion about the chiral limit takes the form µB ∼ µ0 + β √mq + γ mq logmq +
δ mq + ..., where each of the quantities µ0, β, γ, and δ have been determined for each
of the baryons [21–25]. Recently, the progress in quenched lattice simulations has lead to
an investigation of the chiral expansion of the magnetic moments in QχPT [26]. Unlike
QCD, the chiral limit of QQCD is found to be divergent due to terms of the form logmq
arising from hairpin interactions. In this section we analyze the magnetic moments of the
octet-baryons in PQχPT including the leading one-loop contributions of the form ∼ √mQ.
A. Electric Charges in PQQCD
An issue that was not addressed in work of Ref. [26] is the non-uniqueness of the quark
electric charge matrix in the sea- and ghost-sectors. It was recently pointed out by Golterman
and Pallante [27] that the flavor structure of QCD non-leptonic weak operators does not
uniquely define the analogous non-leptonic weak operators in PQQCD. Such an ambiguity
is present for electromagnetic observables, including the magnetic moments, and is also
present for quantities such as matrix elements of isovector twist-2 operators, that we discuss
in the next section.
In QCD the light quark electric charge matrix is Q = diag.(+2
3
,−1
3
,−1
3
), which trans-
forms as an 8 under SU(3)V , and one of the nice features of nature is that there is no
singlet component. As there is a correspondence between operators in PQχPT and χPT it
is desirable that the electric charge matrix in PQQCD have vanishing supertrace, so that
additional operators are not introduced. Therefore, the most general electric charge matrix
that can be considered is 4
Q(PQ) = diag
(
+
2
3
, −1
3
, −1
3
, qj , ql , qr , qj , ql , qr
)
, (43)
where the charge assignments in the sea- and ghost-sectors are correlated in order to recover
QCD in the limit mj → mu, ml → md, and mr → ms. The form of Q(PQ) in eq. (43) is au-
tomatically supertraceless. While any choice of qj, ql, and qr are as good as any other choice
4In principle, any supertraceless matrix can be used to determine µD and µF [28], however, we
restrict ourselves to matrices that give matrix elements of Q in the mj → m and mr → ms limit.
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it is useful to consider two cases. First, when qj = +
2
3
and ql = qr = −13 , an extension of the
quenched operator used in Ref. [26], contributions from disconnected diagrams involving the
valence- and ghost-quarks exactly cancel. The only disconnected diagrams that contribute
are those involving the heavier sea-quarks (in the analogous quenched calculation this cor-
responds to the absence of disconnected diagrams). Second, qj = ql = qr = 0 corresponds
to vanishing contributions from disconnected diagrams involving the sea- and ghost-sectors
but the presence of disconnected diagrams involving the valence-quarks (in the analogous
quenched calculation this corresponds to the presence of disconnected diagrams). It is clear
that different values of qj , ql and qr correspond to different weightings of the disconnected
diagrams.
B. The Magnetic Moments
At leading order in the chiral expansion the magnetic moments of the octet-baryons arise
from two dimension-5 operators,
L = e
4MN
Fµν
[
µα
(
B σµν B Q(PQ)ξ+
)
+ µβ
(
B σµν Q(PQ)ξ+ B
) ]
, (44)
where Q(PQ)ξ+ = 12
(
ξ†Q(PQ)ξ + ξQ(PQ)ξ†
)
, and where the index contractions are defined in
eq. (30). By considering only the ground floor baryons we can make the identification with
the flavor structure of operators commonly used in χPT
L = e
4MN
Fµν
(
µD Tr
[
Bσµν{Qξ+ , B}
]
+ µF Tr
[
Bσµν
[
Qξ+ , B
] ] )
+ ... , (45)
where the ellipses denotes terms involving the meson field, and find that
µα =
2
3
µD + 2µF , µβ = −5
3
µD + µF . (46)
The NLO contribution to the magnetic moments is of the form
√
mQ, arising from the one-
loop diagrams shown in Fig. 2. Up to this order, we write the magnetic moment of the i-th
B
Μ χ,
B B B
Μ χ,
FIG. 2. One-loop graphs that give contributions of the form ∼ √mQ to the magnetic moments
of the octet-baryons. A solid, thick-solid and dashed line denote an 240-baryon, 138-baryon, and
a meson, respectively. The solid-squares denote an axial coupling from eq. (32)
baryon as
µi = αi +
MN
4πf 2
[ βi + β
′
i ] , (47)
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where αi is the tree-level contribution, βi is the contribution from the diagrams shown in
Fig. 2 with baryons in the 240 representation (including the octet) in the intermediate
state, and β ′i is the contribution from the diagrams shown in Fig. 2 with baryons in the 138
representation (including the decuplet) in the intermediate state.
Explicit computation of the one-loop diagrams in Fig. 2 give contributions to the proton
magnetic moment
αp =
1
3
µD + µF
βp = −1
9
(
7D2 + 6DF − 9F 2
)
mpi − 1
9
(
5D2 − 6DF + 9F 2
)
mK
−1
9
(D + 3F )2 (2mju +mru)
+
1
3
(
5D2 − 6DF + 9F 2
)
[ qjl (mju −mpi) + qr (mru −mK) ]
β ′p =
C2
6
[
−4
3
Fpi + 1
3
FK − qjl (Fju −Fpi)− qr (Fru − FK)
]
, (48)
where qjl = qj + ql. The function arising from the decuplet loops is the standard one for
magnetic moments [21], and we use the shorthand notation Fi = F(mi,∆, µ), with
πF(m,∆, µ) =
√
∆2 −m2 log
(
∆−√∆2 −m2 + iǫ
∆+
√
∆2 −m2 + iǫ
)
− ∆ log
(
m2
µ2
)
. (49)
For the neutron we find
αn = −2
3
µD
βn =
1
9
(
17D2 − 6DF + 9F 2
)
mpi − 1
9
(
5D2 − 6DF + 9F 2
)
mK
−4
9
D(D − 3F ) (2mju +mru)
+
1
3
(
5D2 − 6DF + 9F 2
)
[ qjl (mju −mpi) + qr (mru −mK) ]
β ′n =
C2
18
[ 2Fpi + FK + 2Fju + Fru − 3qjl (Fju −Fpi)− 3qr (Fru −FK)] , (50)
For the Σ+ we find
αΣ+ =
1
3
µD + µF
βΣ+ =
2
9
(
D2 + 3F 2
)
[ mpi − 4mju − 2mru ]− 1
3
(D − F )2 [ mηs − 2mjs −mrs]
−1
9
(
11D2 + 6DF + 3F 2
)
mK +
2
3
(
D2 + 3F 2
)
[qjl(mju −mpi) + qr(mru −mK)]
+ (D − F )2 [qjl(mjs −mK) + qr(mrs −mηs)]
β ′Σ+ =
C2
54
[ −Fpi − 10FK + 2Fηs + 4Fju + 2Fru − 4Fjs − 2Frs
−3qjl [Fju −Fpi + 2Fjs − 2FK ]− 3qr [Fru − FK + 2Frs − 2Fηs] ] , (51)
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and for the Σ− we find
αΣ− =
1
3
µD − µF
βΣ− =
2
9
(
D2 + 3F 2
)
[ mpi + 2mju +mru ]− 1
3
(D − F )2 [ mηs − 2mjs −mrs]
+
1
9
(
D2 − 6DF − 3F 2
)
mK +
2
3
(
D2 + 3F 2
)
[qjl(mju −mpi) + qr(mru −mK)]
+ (D − F )2 [qjl(mjs −mK) + qr(mrs −mηs)]
β ′Σ− =
C2
54
[ −Fpi −FK + 2Fηs − 2Fju − Fru − 4Fjs − 2Frs
−3qjl [Fju − Fpi + 2Fjs − 2FK ]− 3qr [Fru −FK + 2Frs − 2Fηs ] ] . (52)
For the Λ we find
αΛ = −1
3
µD
βΛ =
1
27
(D + 3F )2 [ 2mjs −mηs +mrs ]−
1
27
(
7D2 − 12DF + 9F 2
)
[mru − 2mpi + 2mju]
+
1
27
(
5D2 + 30DF − 9F 2
)
mK +
1
9
(D + 3F )2 [ qjl (mjs −mK) + qr (mrs −mηs) ]
+
2
9
(
7D2 − 12DF + 9F 2
)
[ qjl (mju −mpi) + qr (mru −mK) ]
β ′Λ =
C2
36
[ 2Fju − 2Fpi + 5FK + Fru − 6qjl (Fju − Fpi)− 6qr (Fru − FK) ] . (53)
The Λ− Σ0 transition is somewhat special in that it does not depend upon the qi’s,
3
√
3 αΛΣ = 3µD
3
√
3 βΛΣ = − 2D2(2mpi +mK) + 2D(D − 3F )(mru + 2mju)
3
√
3 β ′ΛΣ = −
C2
4
[ 2Fpi + FK + 2Fju + Fru ] . (54)
For the Ξ0 we find
αΞ0 = −2
3
µD
βΞ0 =
2
9
(
D2 + 3F 2
)
[ mrs −mηs + 2mjs ] +
1
3
(D − F )2 [ mpi − 2mru − 4mju ]
+
1
9
(
11D2 + 6DF + 3F 2
)
mK +
2
3
(
D2 + 3F 2
)
[ qjl (mjs −mK) + qr (mrs −mηs)]
+ (D − F )2 [ qjl (mju −mpi) + qr (mru −mK)]
β ′Ξ0 =
C2
54
[ 10FK − 2Fpi + Fηs + 8Fju + 4Fru − 2Fjs − Frs
−3qjl (2Fju − 2Fpi + Fjs −FK)− 3qr (2Fru − 2FK + Frs −Fηs) ] , (55)
and finally, for the Ξ− we find
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αΞ− =
1
3
µD − µF
βΞ− =
1
3
(D − F )2 [ mpi + 2mju +mru ] + 2
9
(
D2 + 3F 2
)
[ 2mjs +mrs −mηs ]
−1
9
(
D2 − 6DF − 3F 2
)
mK +
2
3
(
D2 + 3F 2
)
[ qjl (mjs −mK) + qr (mrs −mηs)]
+ (D − F )2 [ qjl (mju −mpi) + qr (mru −mK)]
β ′Ξ− =
C2
54
[ FK − 2Fpi + Fηs − 4Fju − 2Fru − 2Fjs −Frs
−3qjl (2Fju − 2Fpi + Fjs −FK)− 3qr (2Fru − 2FK + Frs −Fηs) ] . (56)
Each of the expressions for αi, βi and β
′
i reduce down to those of QCD when mj → m
and mr → ms, independent of the choice of the qi, as expected. The divergences and renor-
malization scale dependence associated with the Fi functions can be removed by defining
µD(µ) = µD +
C2MN∆
4π2f 2
logµ , µF (µ) = µF , (57)
independent of the charges qi.
For arbitrary choices of the qi and quark-masses the Caldi-Pagels relations [25] between
the magnetic moments are not satisfied. However, the relation found in Ref. [21]
6 µΛ + µΣ− − 4
√
3 µΛΣ = 4 µn − µΣ+ + 4 µΞ0 , (58)
that is valid up to order mq logmq in χPT is found to hold in PQχPT up to order
√
mq. We
have not performed the expansion to higher orders in PQχPT to determine if the relation
persists at higher orders.
It is important to emphasize that in the limit where the sea-quark masses become equal to
the valence quark masses, the magnetic moments computed with PQχPT are those of QCD
for any value of the charges qi. Therefore, the value of the mQ-independent counterterms,
µD and µF , that are determined by lattice simulations and eq. (47) should be independent
of the choice of sea- and ghost-quark electric charges qi in eq. (43). This is, of course,
modulo contributions from higher orders in the chiral expansion. It is conceivable that there
is a choice of the qi’s, corresponding to an optimal weighting of the disconnected diagrams
that minimizes the uncertainty in the determination of µD and µF . To illustrate this point,
consider the magnetic moment of the proton. If one chooses
qjl =
2(D + 3F )2
3(5D2 − 6DF + 9F 2) and qr =
(D + 3F )2
3(5D2 − 6DF + 9F 2) , (59)
the one loop contributions proportional to mju and mru from diagrams with intermediate
state baryons in the 240 dimensional representation vanish, leaving contributions dependent
upon the sea-quark masses only from diagrams with intermediate state baryons in the 138
dimensional representation. It is clear that one can determine numerical values for the qjl
and qr that minimize the one-loop dependence upon the sea-quark masses. Unfortunately,
the optimal choice of qjl and qr will be different for each member of the octet. However,
it may well be the case that examining the behavior of the chiral extrapolation for many
different values of the qi may yield valuable information about, not only µD and µF , but the
convergence of the expansion itself.
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V. FORWARD MATRIX ELEMENTS OF ISOVECTOR TWIST-2 OPERATORS
The forward matrix elements of twist-2 operators play an important role in hadronic
structure, as they are directly related to the moments of the parton distribution functions.
Recently, it was realized that the long-distance contributions to these matrix elements could
be computed order-by-order in the chiral expansion using chiral perturbation theory [29–31].
These corrections have been applied to results from both quenched and unquenched lattice
data [32]. In addition, the long-distance contributions arising in QQCD and the large-Nc
limit of QCD have been computed in Ref. [33] and Ref. [34], respectively. Further, this
technique has been applied to the off-forward matrix elements of twist-2 operators in order
to study the spin structure of the proton [35].
In QCD, the nonsinglet operators have the form,
O(n),aµ1µ2 ...µn =
1
n!
q λa γ{µ1
(
i
↔
Dµ2
)
...
(
i
↔
Dµn}
)
q − traces , (60)
where the {...} denotes symmetrization on all Lorentz indices, and where λa are Gell-Mann
matrices acting in flavor-space. They transform as (8, 1) ⊕ (1, 8) under SU(3)L ⊗ SU(3)R
chiral transformations [29,30]. Of particular interest to us are the isovector operators where
λ3 = diag(1,−1, 0).
In PQQCD the nonsinglet operators have the form
PQO(n),aµ1µ2 ...µn =
1
n!
Q λ
a
γ{µ1
(
i
↔
Dµ2
)
...
(
i
↔
Dµn}
)
Q − traces , (61)
where the λ
a
are super Gell-Mann matrices, and the same ambiguity exists in extending the
λ3 in QCD to λ
3
in PQQCD. With the requirement that λ
3
is supertraceless and QCD is
recovered in the limit mj → m and mr → ms, the most general flavor structure for λ3 is
λ
3
= ( 1 , −1 , 0 , yj , yl , yr , yj , yl , yr ) . (62)
For an arbitrary choice of the yi, this operator contains both isovector and isoscalar compo-
nents. It is purely isovector only when yj+yl = 0 and yr = 0. As result, for arbitrary yi, the
usual isovector relations between matrix elements do not hold. The fact that disconnected
diagrams can only be isoscalar makes this result obvious.
At leading order in the chiral expansion, matrix elements of the isovector operator
PQO(n),3µ1µ2 ...µn are reproduced by operators of the form [29]
PQO(n),3µ1µ2...µn → a(n) (i)n
f 2
4
(
1
Λχ
)n−1
str
[
Σ†λ
3−→
∂ µ1
−→
∂ µ2 ...
−→
∂ µnΣ + Σλ
3−→
∂ µ1
−→
∂ µ2 ...
−→
∂ µnΣ
†]
+ α(n) vµ1vµ2 ...vµn
(
B B λ3ξ+
)
+ β(n) vµ1vµ2 ...vµn
(
B λ3ξ+ B
)
+ γ(n) vµ1vµ2 ...vµn
(
T α λ3ξ+ Tα
)
+ σ(n)
1
n!
v{µ1vµ2 ...vµn−2
(
T µn−1 λ3ξ+ Tµn}
)
− traces . (63)
In general, the coefficients a(n), α(n), β(n), γ(n) and σ(n) are not constrained by symmetries
and must be determined from elsewhere. However for n = 1 they are fixed by the isospin
charge of the hadrons to be
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a(1) = +1 , α(1) = +2 , β(1) = +1 , γ(1) = −3 , σ(1) = 0 . (64)
At NLO there are contributions from counterterms involving one insertion of the quark
mass matrix mQ,
PQO(n),3µ1µ2...µn→
[
b1 Bkji { λ3ξ+ , M+ }ni Bnjk
+ b2 (−)(ηi+ηj)(ηk+ηn) Bkji { λ3ξ+ , M+ }nk Bijn
+ b3 (−)ηl(ηj+ηn) Bkji
(
λ
3
ξ+
)l
i
(M+)nj Blnk
+ b4 (−)ηlηj Bkji
((
λ
3
ξ+
)l
i
(M+)nj + (M+)li
(
λ
3
)n
j
)
Bnlk
+ b5 (−)ηi(ηl+ηj) Bkji
(
λ
3
ξ+
)l
j
(M+)ni Bnlk + b6 B
kji
(
λ
3
ξ+
)l
i
Bljk str (M+)
+ b7 (−)(ηi+ηj)(ηk+ηn) Bkji
(
λ
3
ξ+
)n
k
Bijn str (M+)
+ b8 Bkji Bijk str
(
λ
3
ξ+ M+
)
] vµ1vµ2 ...vµn − traces , (65)
where the coefficients b1, ...b8 are to be determined. We find that there are eight countert-
erms, one more than in ordinary SU(3). It is interesting to note that in restricting oneself
to external states that involve only octet-baryons there are contributions from eq. (65) that
are of the form mu +md +ms and mj +ml +mr. The former arises from the trace of the
valence-quark mass matrix that arises from the SU(3) contractions when the indices in Bijk
are restricted to 1, 2, 3, while the later arises from the supertrace of the full mass matrix
mQ.
At one-loop level the forward matrix elements of PQO(n),3µ1µ2...µn in the i-th baryon can be
written as
〈PQO(n),3µ1µ2...µn〉i = vµ1vµ2 ...vµn
[
ρ
(n)
i +
1− δn1
16π2f 2
(
η
(n),0
i − ρ(n)i wi + yjl η(n),ji + yr η(n),ri
)
c
(n),0
i + yjl c
(n),j
i + yr c
(n),r
i
]
− traces , (66)
where ρ
(n)
i are the tree-level contributions. The factor of 1 − δn1 appears in the higher
order corrections because the isovector charge is not renormalized. The diagrams shown in
Fig.3 give the leading non-analytic contributions to the wavefunction renormalization,wi, the
vertex contributions, η
(n),0
i , that are independent of the charges of the ghost- and sea-quarks,
and to the vertex contributions, η
(n),j,l,r
i , are contributions associated with the charges of the
ghost- and valence quarks. The contributions proportional to yj and yl are equal due to the
sea-quark isospin symmetry of the theory, which can be seen straightforwardly by considering
quark-line diagrams. Therefore, we combine the contributions into one by defining yjl =
yj + yl.
For the proton matrix element we find
ρ(n)p =
1
3
(
2α(n) − β(n)
)
wp = −4D(D − 3F )Lpi + (5D2 − 6DF + 9F 2) (2Lju + Lru) + 3(D − 3F )2 Rpi,pi
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(a) (b)
(e) (f)
(g)
B B B B
B B B
B B
(c) (d)
B B B B
Μ χ, Μ χ,
Μ χ, Μ χ,
Μ χ, Μ χ,
Μ χ,
B B
Μ χ,
(h)
FIG. 3. One-loop graphs that give contributions of the form ∼ mQ logmQ to the matrix ele-
ments of the isovector twist-2 operators in the octet-baryons. A solid, thick-solid and dashed line
denote an 240-baryon, 138-baryon, and a meson, respectively. The solid-squares denote an axial
coupling given in eq.(32), while the solid circle denotes an insertion of the strong two-pion-nucleon
interaction given in eq.(29). The crossed circle denotes an insertion of the tree-level matrix element
of PQO(n),aµ1µ2 ...µn. Diagrams (a) to (f) are vertex corrections, while diagrams (g) and (h) give rise
to wavefunction renormalization.
+ C2 (2Jpi + 2Jju + Jru )
η(n),0p = 4D(F −D)( α(n) + β(n) )Lpi + 3ρ(n)p (D − 3F )2 Rpi,pi
+
(
2(D2 − 3DF + 2F 2)α(n) + 2(D2 − F 2)β(n) − ρ(n)p
)
( 2Lju + Lru )
− 4C
2
9
(
γ(n) − σ
(n)
3
)
( 3Jpi + 2Jju + Jru )
η(n),jp = (Lju − Lpi)
(
(D2 + 3F 2)α(n) + 3(D − F )2β(n) + α(n) + β(n)
)
− (Jju − Jpi) C
2
3
(
γ(n) − σ
(n)
3
)
η(n),rp = (Lru − LK)
(
(D2 + 3F 2)α(n) + 3(D − F )2β(n) + α(n) + β(n)
)
− (Jru − JK) C
2
3
(
γ(n) − σ
(n)
3
)
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c(n),0p =
1
3
m (−2b1 + 4b2 − b3 + b4 + 2b5) + 1
3
(2b7 − b6) (2mj +mr)
c(n),jp = b8(mj −m)
c(n),rp = b8(mr −ms) . (67)
We have used the short-hand notation Lpi = m
2
pi log (m
2
pi/µ
2), and similarly for the other
Lx’s. The function arising from loops involving the 138 representation is denoted by
Ja = J(ma,∆, µ) [29,30],
J(m,∆, µ) =
(
m2 − 2∆2
)
log
(
m2
µ2
)
+ 2∆
√
∆2 −m2 log
(
∆−√∆2 −m2 + iǫ
∆+
√
∆2 −m2 + iǫ
)
. (68)
Also, we have defined the function Rpi,pi = H(Lpi, Lpi, LX). The neutron matrix elements can
be determined from the proton matrix elements by the replacements
wn = wp , η
(n),j
n = +η
(n),j
p , η
(n),r
n = +η
(n),r
p , c
(n),j
n = +c
(n),j
p , c
(n),r
n = +c
(n),r
p
ρ(n)n = −ρ(n)p , η(n),0n = −η(n),0p , c(n),0n = −c(n),0p . (69)
For the Σ+ we find
ρ
(n)
Σ+ =
1
6
(
5α(n) + 2β(n)
)
wΣ+ = 2(3F
2 −D2)Lpi − 2(D2 − 6DF + 3F 2)LK
+2(D2 + 3F 2)(2Lju + Lru) + 3(D − F )2(2Ljs + Lrs)
+3
[
4F 2Rpi,pi + 4F (F −D)Rpi,ηs + (D − F )2Rηs,ηs
]
+
C2
3
[ Jpi + 5JK + 2Jju + Jru + 4Jjs + 2Jrs ] +
2C2
3
[ Tpi,pi + Tηs,ηs − 2Tpi,ηs ]
η
(n),0
Σ+ =
(
F 2(5α(n) + 2β(n))−D2(α(n) + 2β(n))
)
Lpi
−
(
(5F 2 − 8DF + 3D2)α(n) + 2(F 2 − 4DF +D2)β(n)
)
LK
+
(
1
2
(5F 2 − 2DF +D2)α(n) + (D + F )2β(n) − ρ(n)Σ+
)
(2Lju + Lru)
+
1
2
(D − F )2(5α(n) + 2β(n)) (2Ljs + Lrs)
+3ρ
(n)
Σ+
[
4F 2Rpi,pi + 4F (F −D)Rpi,ηs + (D − F )2Rηs,ηs
]
− C
2
9
(
γ(n) − σ
(n)
3
)
[ 2Jpi + 13JK + 2Jju + Jru + 8Jjs + 4Jrs ]
− 4C
2
9
(
γ(n) − σ
(n)
3
)
[ Tpi,pi + Tηs,ηs − 2Tpi,ηs ]
η
(n),j
Σ+ =
(
1
2
(5F 2 + 2DF +D2)α(n) + (D − F )2β(n) + ρ(n)Σ+
)
(Lju − Lpi)
+
1
2
(
(D − F )2 + 1
3
)
(α(n) + 4β(n)) (Ljs − LK)
+
C2
9
(
γ(n) − σ
(n)
3
)
[ Jpi + 2JK − Jju − 2Jjs ]
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η
(n),r
Σ+ =
(
1
2
(5F 2 + 2DF +D2)α(n) + (D − F )2β(n) + ρ(n)Σ+
)
(Lru − LK)
+
1
2
(
(D − F )2 + 1
3
)
(α(n) + 4β(n)) (Lrs − Lηs)
+
C2
9
(
γ(n) − σ
(n)
3
)
[ JK + 2Jηs − Jru − 2Jrs ]
c
(n),0
Σ+ =
1
6
m (4b1 + 10b2 + b3 + 2b4 + b5) +
1
6
ms (b3 − 4b4 + 4b5) + 1
6
(2b6 + 5b7) (2mj +mr)
c
(n),j
Σ+ = b8(mj −m)
c
(n),r
Σ+ = b8(mr −ms) . (70)
The functions Ta,b arising from loop graphs involving the 138 representation are shorthand
for Ta,b = H(Ja, Jb, JX). The Σ− matrix elements can be determined from the Σ+ matrix
elements by the replacements
wΣ− = wΣ0 = wΣ+ , η
(n),j
Σ− = +η
(n),j
Σ+ = η
(n),j
Σ0 , η
(n),r
Σ− = +η
(n),r
Σ+ = η
(n),r
Σ0 ,
c
(n),j
Σ− = +c
(n),j
Σ+ = +c
(n),j
Σ0 , c
(n),r
Σ− = +c
(n),r
Σ+ = +c
(n),r
Σ0
ρ
(n)
Σ− = −ρ(n)Σ+ , η(n),0Σ− = −η(n),0Σ+ , c(n),0Σ− = −c(n),0Σ+
ρ
(n)
Σ0 = 0 , η
(n),0
Σ0 = 0 , c
(n),0
Σ0 = 0 . (71)
The Λ the matrix element vanishes when λ
3
is purely isovector, however, for arbitrary
yi there is a non-zero contribution,
ρ
(n)
Λ = 0
wΛ =
(
−2
3
D2 + 8DF − 6F 2
)
Lpi +
(
−10
3
D2 + 4DF + 6F 2
)
LK
+
(
14
3
D2 − 8DF + 6F 2
)
(2Lju + Lru) +
1
3
(D + 3F )2 (2Ljs + Lrs)
+
4
3
(2D − 3F )2Rpi,pi − 4
3
(
2D2 + 3DF − 9F 2
)
Rpi,ηs +
1
3
(D + 3F )2Rηs,ηs
η
(n),0
Λ = 0
η
(n),j
Λ =
(
1
6
(
5D2 − 6DF + 9F 2 + 3
)
α(n) +
(
3 (D − F )2 + 1
)
β(n)
)
(Lju − Lpi)
+
(
1
6
(D + 3F )2 +
1
2
)
α(n)(Ljs − LK) − C
2
3
(
γ(n) − σ
(n)
3
)
[ Jju − Jpi ]
η
(n),r
Λ =
(
1
6
(
5D2 − 6DF + 9F 2 + 3
)
α(n) +
(
3 (D − F )2 + 1
)
β(n)
)
(Lru − LK)
+
(
1
6
(D + 3F )2 +
1
2
)
α(n)(Lrs − Lηs) −
C2
3
(
γ(n) − σ
(n)
3
)
[ Jru − JK ]
c
(n),0
Λ = 0
c
(n),j
Λ = b8(mj −m)
c
(n),r
Λ = b8(mr −ms) . (72)
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For the Ξ0 we find
ρ
(n)
Ξ0 =
1
6
(
α(n) + 4β(n)
)
wΞ0 = −2(D2 − 6DF + 3F 2)LK + 2(3F 2 −D2)Lηs
+3(D − F )2(2Lju + Lru) + 2(D2 + 3F 2)(2Ljs + Lrs)
+3
[
4F 2Rηs,ηs + 4F (F −D)Rpi,ηs + (D − F )2Rpi,pi
]
+
C2
3
[ 5JK + Jηs + 4Jju + 2Jru + 2Jjs + Jrs ] +
2C2
3
[ Tpi,pi + Tηs,ηs − 2Tpi,ηs ]
η
(n),0
Ξ0 =
[
(D2 + 4DF − F 2)α(n) + 4F (D − F )β(n)
]
LK
+
[
(F 2 −D2)α(n) + 4F 2β(n)
]
Lηs
+
[
(D2 + F 2)α(n) + 4F 2β(n)
]
( 2Ljs + Lrs )
− ρ(n)Ξ0 (2Lju + Lru)
+3ρ
(n)
Ξ0
[
4F 2Rηs,ηs + 4F (F −D)Rpi,ηs + (D − F )2Rpi,pi
]
− C
2
9
(
γ(n) − σ
(n)
3
)
[ 2JK + Jηs + 2Jjs + Jrs ]
− 2C
2
9
(
γ(n) − σ
(n)
3
)
[ Tpi,pi + Tηs,ηs − 2Tpi,ηs ]
η
(n),j
Ξ0 = 3(D − F )2ρ(n)Ξ0 (Lju − Lpi)
+
[
1
2
(D2 + 2DF + 5F 2)α(n) + (D − F )2β(n)
]
(Ljs − LK)
+ ρ
(n)
Ξ0 (Lju − Lpi) +
1
6
(5α(n) + 2β(n))(Ljs − LK)
+
C2
9
(
γ(n) − σ
(n)
3
)
[ 2Jpi + JK − 2Jju − Jjs ]
η
(n),r
Ξ0 = 3(D − F )2ρ(n)Ξ0 (Lru − LK)
+
[
1
2
(D2 + 2DF + 5F 2)α(n) + (D − F )2β(n)
]
(Lrs − Lηs)
+ ρ
(n)
Ξ0 (Lru − LK) +
1
6
(5α(n) + 2β(n))(Lrs − Lηs)
+
C2
9
(
γ(n) − σ
(n)
3
)
[ 2JK + Jηs − Jrs − 2Jru ]
c
(n),0
Ξ0 =
1
3
m (4b1 + b2) +
1
6
ms (4b3 − 4b4 + b5) + 1
6
(4b6 + b7) (2mj +mr)
c
(n),j
Ξ0 = b8(mj −m)
c
(n),r
Ξ0 = b8(mr −ms) . (73)
The matrix elements for the Ξ− can be found by the replacements
wΞ− = wΞ0 , η
(n),j
Ξ− = +η
(n),j
Ξ0 , η
(n),r
Ξ− = +η
(n),r
Ξ0 , c
(n),j
Ξ− = +c
(n),j
Ξ0 , c
(n),r
Ξ− = +c
(n),r
Ξ0
ρ
(n)
Ξ− = −ρ(n)Ξ0 , η(n),0Ξ− = −η(n),0Ξ0 , c(n),0Ξ− = −c(n),0Ξ0 . (74)
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It is straightforward to show that the divergences occurring in eqs. (67), (70), (72) and
(73) (and hence the entire multiplet) can be absorbed by the eight counterterms b1, ...b8.
Further, in the QCD limit, where mj → m and mr → ms, the matrix elements become
independent of the choice of charges in the sea- and ghost-quark sectors, and one recovers
the matrix elements of QCD with a heavy η′.
As is the case for the magnetic moments, one can determine values of the charges yjl and
yr that minimize the one-loop contribution from the sea-quarks. It is conceivable that this
choice of charges will minimize the uncertainty in the determination of the leading order
matrix elements in eq. (63), and the counterterms in eq. (65). However, it may be the
case that consideration of several different charge combinations will provide the most useful
information.
VI. CONCLUSIONS
We have included the lowest-lying octet- and decuplet-baryons into partially quenched
chiral perturbation theory. In addition to the octet- and decuplet- baryons formed from
the three light valence quarks, baryons containing ghost-quarks and baryons containing sea-
quarks (and those containing both) have been included to accomplish the partial quenching.
The leading one-loop contributions to the octet-baryon masses, magnetic moments and
matrix elements of isovector twist-2 operators are presented.
The extension of both the electric charge matrix and the isovector charge matrix into
the sea- and ghost-sectors is not unique, constrained only by the requirement that QCD is
recovered in the limit where the sea-quark masses are equal to the valence quark masses.
This leads to additional freedom and couplings in PQQCD for the magnetic moments and
matrix elements of isovector twist-2 operators. These extra couplings are directly related
to the contribution of disconnected quark-line diagrams to these observables. It is hoped
that this extra freedom can be exploited to study the chiral expansion and to reduce the
uncertainty in chiral extrapolations.
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